INTRODUCTION

C
urcuminoids are polyphenolic compounds, more specifically diarylheptanoids (C 6 -C 7 -C 6 ), isolated from the rhizome of turmeric (Curcuma longa Linn.), which gives it its yellow color (1). These compounds have been used in traditional medicine and as food additives, especially as a curry spice, preservative, coloring (E100), and flavoring agent in Asian countries such as China and India (2, 3) . The rhizome of turmeric contains a mixture of curcuminoids in which curcumin, also known as diferuloyl-methane, is the main active chemical constituent (4) . Other curcuminoids present in such mixtures include demethoxycurcumin and bisdemethoxycurcumin. Curcuminoids are abundantly present in C. longa but also occur in other Curcuma species. However, since different Curcuma species are difficult to distinguish due to their similar morphologies and their different names given in Latin and by Japanese, Chinese, and Indian cultures, pharmacological studies are very scarce (5) . Nevertheless, curcumin, and in some cases bisdemethoxycurcumin and demethoxycurcumin, has also been isolated from Curcuma mangga (6, 7) , Curcuma xanthorrhiza (8, 9) , Curcuma zedoaria (10, 11) , Curcuma phaeocaulis (5), Curcuma aromatica (5) , and other species such as Etlingera elatior (12) . Other type of complex curcuminoids, cassumunin and cassumunarin, were isolated from Zingiber cassumunar (13, 14) . Curcuminoids, depending on the cultivar, constitute 2 to 4% of the dry weight of the dried rhizome (3, 15, 16) . The commercial-grade curcumin is isolated from the powdered dry rhizome of C. longa and consists of a mixture of curcumin (ϳ77%), demethoxycurcumin (ϳ18%), and bisdemethoxycurcumin (ϳ5%) (17, 18) . Generally, the term curcumin is used to represent all the three curcuminoids found in the turmeric extract.
"Biological" Relevance of Curcuminoids
Curcumin was discovered and isolated almost 2 centuries ago by Vogel and Pelletier (19) ; however, its biological properties were not identified until the middle of the 20th century, when Schraufstätter and Bernt (20) reported its antibacterial activity. Since then, the biosynthesis and properties of curcumin and other curcuminoids have attracted much interest from the scientific community. Besides antibacterial potential (21) (22) (23) , these compounds present several properties that are beneficial to human health (Table 1) . Therapeutic properties of curcuminoids have been reviewed in several papers (2, 17, 18, (24) (25) (26) (27) (28) (29) .
Even though curcumin, demethoxycurcumin, and bisdemethoxycurcumin have been extensively studied, whether the three analogues exhibit equal therapeutic activity has not been completely elucidated. Although curcumin was found to be most potent/active in some systems (55) , in other cases it was concluded that the activities of the three analogues are very similar (67) , while in other systems bisdemethoxycurcumin was found to exhibit the highest cytotoxic activity (10, 31, 32, 68) . Furthermore, the mixture of all three curcuminoids has been suggested to have a more effective bioprotectant activity than any one alone due to synergistic effects (69) .
Bioavailability of Curcuminoids
Nowadays, curcumin is considered a safe, novel, and promising drug for the prevention and treatment of cancer, chronic inflammation, and other diseases (70, 71) . Several clinical trials have been conducted to confirm its effectiveness (36, 70, (72) (73) (74) and have revealed that curcumin is safe for humans at a high oral dosage of 10 to 12 g per day (70, 74) .
In August 2009, Sabinsa Corporation received a "generally regarded as safe" (GRAS) status for the branded ingredient Curcumin C3 Complex (69) after a review of safety and toxicology data by Soni & Associates, Inc. In February 2013, due to curcumin's health benefits and the results obtained in clinical trials, the U.S. Food and Drug Administration issued a "no-objection letter" to Sabinsa for the self-affirmed GRAS status of its Curcumin C3 Complex for use in food and beverages (75) .
Although the therapeutic applications of curcuminoids appear very promising, to date clinical trials are still preliminary, and the true value of curcumin as a therapeutic agent for human diseases remains elusive (70) . It is imperative that well-designed clinical trials, with improved formulations of curcuminoids or novel routes of administration (70) , be conducted in the near future. Animal studies and phase I and II clinical trials conducted so far showed that curcumin and other curcuminoids exhibit a poor bioavailability, which is the main reason why curcumin has not yet been approved as a therapeutic agent (76) . The poor bioavailability of curcuminoids appears to be due to their poor absorption and distribution, rapid metabolism, and rapid systemic elimination (excretion) (76) . These compounds are insoluble and unstable in water, and, in general, after administration their presence in serum is very low or undetectable (76) . Several approaches have been evaluated to improve the bioavailability of curcumin and the other curcuminoids. The use of adjuvants that can block metabolism of the curcuminoids is one of the most studied ways to improve their bioavailability (77) . For example, the coadministration of piperine proved to highly increase curcumin serum concentration, absorption, and bioavailability in rats and humans (76, 78) . Other promising approaches to improve curcumin bioavailability include the use of liposomes (79) (80) (81) , micelles (82) (83) (84) , nanoparticles (25, (85) (86) (87) (88) (89) (90) (91) , phospholipid complexes (92, 93) , and curcuminoid derivatives and structural analogues (58, 94, 95) .
An efficient application of curcumin requires specific lesionoriented delivery methods to guarantee the needed concentrations in tissues. Noninvasive and invasive drug delivery methods can be used (96) . Noninvasive methods are usually painless and easy to use, and the most common routes of administration include peroral, topical, and transmucosal (nasal, vaginal, rectal, and urethral) routes (i.e., oral lozenges, vaginal suppository tablets, and pomades). Invasive methods penetrate the cutaneous barrier to reach either the circulatory system or the diseased tissue and include, for example, intravenous, intramuscular, and subcutaneous methods.
To solve the curcuminoid bioavailability problem, new methods for its production and delivery at the intended body site need to be developed. According to Hsu and Cheng (70) it is very likely that to obtain active curcumin concentrations in tissues, it is necessary to apply the drugs locally or topically using a targeted drug delivery system. Controlled in situ drug delivery and production, using combinatorial biosynthesis and a host microorganism, is a very promising approach. In this paper we review the production of curcuminoids in C. longa and by Escherichia coli using an artificial biosynthetic pathway. We also suggest new approaches using metabolic engineering and synthetic biology tools to increase the curcuminoid yield and activity.
CURCUMINOID PRODUCTION IN CURCUMA LONGA
Curcuminoids are produced by type III polyketide synthases (PKS) in plants and consist of two phenylpropanoid units chemically derived from the amino acid phenylalanine and connected by a central carbon unit derived from malonyl-coenzyme A (malonyl-CoA) (97) . Until the work by Ramirez-Ahumada et al. (98) , very little was known about curcuminoid biosynthesis in turmeric. Those authors identified the enzymes in the curcuminoid biosynthetic pathway and confirmed the involvement of the phenylpropanoid pathway in the production of these compounds in plants. The first enzyme identified was phenylalanine ammonia lyase (PAL), which is involved in amino acid metabolism, but also in the biosynthesis of plant natural products, as the branch point between primary and secondary metabolism (99) . Other enzymes identified include p-coumaroyl shikimate transferase (CST), p-coumaroyl quinate transferase (CQT), caffeic acid O-methyltransferase (COMT), and caffeoyl-CoA O-methyltransferase (CCOMT or CCoAOMT). The results for polyketide synthase (PKS) in in vitro assays showed detectable curcuminoid synthase activity in the extracts from turmeric. However, the authors were not able to characterize the enzyme(s) responsible for this reaction using anion-exchange column chromatography (98) . Furthermore, Katsuyama et al. (97) proposed a pathway for curcuminoid biosynthesis in the herb C. longa, which included two type III PKS (Fig. 1) . One of the PKS, named diketide-CoA synthase (DCS), catalyzes the formation of feruloyl-diketide-CoA from feruloyl-CoA and malonyl-CoA. The other PKS, named curcumin synthase 1 (CURS1), catalyzes two reactions. First, it catalyzes the hydrolysis of feruloyl-diketideCoA in a ␤-keto acid. Second, using the ␤-keto acid and other molecule of feruloyl-CoA, it catalyzes the formation of curcumin. ␤-Keto acid is not detected in vitro because it is not released from the enzyme (100, 101) . Both DCS and CURS1 accept p-coumaroyl-CoA, but at low efficiency, and are capable of synthesizing bisdemethoxycurcumin. The asymmetric curcuminoid demethoxycurcumin can also be produced from p-coumaroyldiketide-CoA and feruloyl-CoA or from feruloyl-diketide-CoA and p-coumaroyl-CoA. DCS and CURS1 share 62% amino acid sequence identity and a conserved Cys-His-Asn catalytic triad (97) .
The same authors identified and characterized two other type III PKS from turmeric, named CURS2 and CURS3 (102) . In vitro analysis revealed that CURS2 preferred feruloyl-CoA as the substrate, while CURS3 used both feruloyl-CoA and p-coumaroylCoA (Table 2 ). CURS2 and CURS3 share 81% identity, and CURS2 and CURS3 share 78% and 81% identity with CURS1 and 62% and 66% with DCS, respectively. The existence of these three curcumin synthases with distinctive substrate specificities might explain the distribution of the three curcuminoids (curcumin, demethoxycurcumin, and bisdemethoxycurcumin) in C. longa. Before it was known that C. longa had different CURSs with different specificities and that they could utilize both CoA esters of coumaric acid and ferulic acid, Ramirez-Ahumada et al. (98) proposed that bisdemethoxycurcumin (synthesized only from coumaroyl-CoA) would be transformed in demethoxycurcumin and then in curcumin by hydroxylation followed by O-methylation. This hypothesis was never confirmed and was almost discarded after the finding of curcumin synthase, which was able to use feruloyl-CoA to produce curcumin.
In addition to the well-known curcuminoids, other diarylheptanoids can also be found in turmeric. The biosynthetic pathway of these diarylheptanoids has not yet been elucidated and several routes have been hypothesized. Xie et al. (104) , after using metabolic profiling analysis, proposed that the biosynthetic pathway belongs to a different metabolite module (Fig. 2 ) and that they are not intermediates in curcuminoid biosynthesis that belong to another biosynthetic module (Fig. 1) .
According to Xie et al. (104) , caffeoyl-CoA in combination with coumaroyl-CoA or feruloyl-CoA is used to produce 3=-hydroxy-bisdemethoxycurcumin and 3=-hydroxy-demethoxycurcumin, respectively. The polyketide synthases responsible for these reactions have specificities different from the ones from the other module (Fig. 1) , which cannot use caffeoyl-CoA as a substrate and produce the major curcuminoids. Furthermore, Xie et al. (104) reported that some PKS, instead of using caffeoyl-CoA, use 5-hydroxy-feruloyl-CoA or feruloyl-CoA and coumaroylCoA to produce 5=-hydroxy-curcumin and 5=-hydroxy-demethoxycurcumin, respectively. Dihydrocurcuminoids, which are dihydro derivatives of curcuminoids (103) , have also been identified in C. longa, for example, di- hydrodemethoxycurcumin, dihydrobisdemethoxycurcumin, and dihydrocurcumin. Kita et al. (105) considered two hypotheses for the production of these dihydrocurcuminoids. In one hypothesis, an enzyme accepts one dihydrophenylpropanoid and one phenylpropanoid instead of the two phenylpropanoids used in the production of the major curcuminoids. The other hypothesis considers the reduction of a double bond of the major curcuminoids by a reductase.
HETEROLOGOUS PRODUCTION OF CURCUMINOIDS
Curcuminoids, like many plant secondary metabolites, accumulate at low quantities over very long growth periods in plants and are difficult and expensive to isolate and hard to synthesize chemically. These reasons, in combination with the wide benefits of curcuminoids and their application potential, have led to an increased interest in the last 10 years, and attempts to implement the heterologous biosynthesis of curcuminoids have been reported (106) . One of the approaches to produce curcuminoids is combinatorial biosynthesis, which consists of combining enzyme-encoding genes from different species and designing a new set of gene clusters to produce bioactive compounds in a heterologous host (107, 108) . Heterologous production of curcuminoids in microorganisms is highly advantageous, since they can grow on inexpensive substrates and, compared to plants, are easier to manipulate and have very rapid production cycles (109) , allowing curcuminoids to be produced faster and maybe in larger amounts. Large-scale microbial fermentation and downstream purification can also be more easily attained, since microbes usually do not have competing pathways to transgenic metabolism (110) . Heterologous production in plants has the advantage of requiring the introduction of only one or two genes, since the other genes from the phenylpropanoid pathway are already present in the plant kingdom (111) . Also, the engineering of plants can lead to an increase in antioxidant activities and in disease resistance in the transgenic plants and can extend the postharvest shelf life of some fruits, such as in cases where resveratrol is engineered in plants (111, 112) . However, introducing genetically modified crops has a high cost, and there is public resistance to the acceptance of these food products. Regulations for genetically modified microorganisms are simpler than those for crops (112) . Thus, taking into consideration all the pros and cons, the commercial application of heterologous production of curcuminoids by microorganisms is more attractive. Although DCS and CURS are the enzymes responsible for the last steps of the curcuminoid pathway in C. longa, these enzymes were discovered only in 2009 (97) . At that time, Katsuyama et al. (106) had already implemented in E. coli an artificial biosynthetic pathway to produce curcuminoids. Those authors identified a type III PKS from rice, Oryza sativa. This enzyme was named curcuminoid synthase (CUS) (GenBank accession number AK109558) and was the first identified type III PKS capable of catalyzing the "one-pot" synthesis of bisdemethoxycurcumin from two molecules of coumaroyl-CoA (starter substrate) and one molecule of malonyl-CoA (extender substrate). CUS itself catalyzes both steps catalyzed by DCS and CURS in C. longa, disobeying the traditional model of head-to-tail polyketide assembly by only catalyzing condensation reactions without a cyclization (113). Morita et al. (114) proposed that CUS has a unique downward-expanding active-site architecture that allows accommodation of two coumaroyl molecules (coumaroyl-CoA and coumaroyl ␤-keto acid) and one malonyl-CoA molecule and a putative nucleophilic water molecule that forms hydrogen bond networks at the active-site center. These unique structural features are the basis for the "one-pot" synthesis of bisdemethoxycurcumin. Thus, the use of CUS in the artificial biosynthetic production of curcuminoids is simpler than the DCS/CURS system. The CysHis-Asn catalytic triad is conserved in CUS (113, 114) , and the enzyme shares 51% amino acid identity with DCS and 45% identity with CURS1. Although CUS also accepts cinnamoyl-CoA and feruloyl-CoA as a substrate to produce dicinnamoylmethane and curcumin, it prefers coumaroyl-CoA. To date, curcuminoids have not been reported in O. sativa and CUS activity in vivo remains to be identified. Hypothetically, the rice CUS may produce curcuminoids, albeit in undetectable amounts (100) . In addition to curcuminoid synthesis, CUS also proved to be able to produce gingerol derivatives (100, 115) .
The report of the artificial curcuminoid biosynthetic pathway in E. coli, designed by Katsuyama et al. (106) , is the first study demonstrating the production of curcuminoids in a heterologous organism. This pathway (Fig. 3 ) starts with the reaction of phenylalanine ammonia lyase (PAL) from the yeast Rhodotorula rubra, which converts L-phenylalanine to cinnamic acid. This enzyme was previously shown to have tyrosine ammonia lyase (TAL) activity (116, 117) . Using this enzymatic feature, tyrosine can be used as a precursor and further converted to coumaric acid. The carboxylic acids are converted to CoA esters by 4-coumarate-CoA ligase (4CL) from Lithospermum erythrorhizon (Le4CL1) and then to curcuminoids by CUS from O. sativa. Acetyl-CoA carboxylase (ACC) from Corynebacterium glutamicum was also overexpressed to increase the intracellular pool of malonyl-CoA in E. coli. The enzymes and microorganisms in this pathway were chosen after the successful production of flavonoid and stilbene compounds, whose pathway included some of the same enzymes (118, 119) . The recombinant E. coli was cultivated in M9 medium with the supplementation of tyrosine or/and phenylalanine (3 mM), the precursors of the phenylpropanoid pathway. Bisdemethoxycurcumin, dicinnamoylmethane, and cinnamoyl-p-coumaroylmethane were produced. In another experiment, phenylpropanoid acids (p-coumaric acid, cinnamic acid, and ferulic acid [1 mM]) were directly supplied to test a system with only 4CL, CUS, and ACC genes. The goal was to increase the CoA ester concentration in the cell by removing the PAL step where the amino acids are converted to carboxylic acids. E. coli produced 91 Ϯ 23 mg/liter of bisdemethoxycurcumin, 84 Ϯ 15 mg/liter of dicinnamoylmethane, and 113 Ϯ 22 mg/liter of curcumin. Furthermore, rice bran pitch was used for curcumin production. Rice bran pitch is an industrial waste obtained from rice bran in the production of rice oil (120) . It is known that rice bran pitch is rich in ferulic acid. Starting with 11 Ϯ 1.4 mg of ferulic acid extracted from 500 mg of rice bran pitch, the E. coli strain engineered by Katsuyama et al. (106) , harboring 4CL, CUS, and ACC genes, produced 57 Ϯ 21 mg/liter of curcumin.
Using the same pathway (4CL, CUS, and ACC), 15 asymmetric curcuminoids (9 of these compounds are not found in nature) were produced by adding two different unnatural carboxylic acids simultaneously (analogues of p-coumaric acid) (121) . This precursor-directed biosynthesis system is possible due to the unusually broad, promiscuous substrate specificities of the enzymes involved in the pathway, which allows production of unnatural novel polyketides. This way of producing unnatural curcuminoids may provide novel drug candidates.
Curcuminoid production in E. coli was also used to develop a reporter assay for the screening of PAL enzyme efficiency (122) . PALs were coexpressed with 4CL1 from Arabidopsis thaliana (At4CL1) and CUS from O. sativa in E. coli. The yellow color of the product allowed the development of a microplate-based assay to measure dicinnamoylmethane. Using this system, the authors screened three PALs (PAL1, PAL3, and PAL4) from Trifolium pratense. PAL1 showed the best results by producing 0.36 g/liter of dicinnamoylmethane. This combination of enzymes allowed production of around 3.4 times more dicinnamoylmethane from phenylalanine than that obtained by Katsuyama et al. (106) using PAL from R. rubra and 4CL from L. erythrorhizon. Furthermore, the ACC enzyme was not used, which means that, at least in this case, the naturally present malonyl-CoA was enough for a successful production. In addition, by feeding 2-fluorol-phenylalanine, Wang and colleagues produced three curcuminoids: dicinnamoylmethane, 6,6=-difluoro-dicinnamoylmethane, and 6-fluoro-dicinnamoylmethane, a new unnatural compound (122) .
OPTIMIZATION OF THE CURCUMINOID HETEROLOGOUS PATHWAY AND ALTERNATIVE HOSTS
The success of a biosynthetic pathway depends significantly on the use of appropriate synthetic enzymes. Curcuminoid production can be improved by exploring alternative enzymes from other microorganisms compatible with the heterologous host that allow higher curcuminoid yield or more specific enzymes that allow production of the desired curcuminoid with fewer undesired byproducts.
To our knowledge, heterologous synthesis of curcuminoids has so far been accomplished only in E. coli. Saccharomyces cerevisiae, which is also easy to grow and manipulate and is well characterized, has been used only to produce other polyketides, such as resveratrol, naringenin, and pinocembrim, among others (Table  3 ) (115, (123) (124) (125) (126) (127) (128) (129) (130) (131) (132) . However, as a eukaryote, S. cerevisiae presents some unique advantages over E. coli for the design and construction of a biosynthetic pathway for the production of curcuminoids. First, it has a food-grade status (GRAS organism) which allows its use in human nutrition and pharmaceuticals. Furthermore, S. cerevisiae does not lack the posttranslational machinery like E. coli, having intracellular compartments similar to those of plant cells (126) . Also, membrane proteins such as cytochrome P450 (C4H) would be more adequately expressed in a eukaryotic organism. These questions have been properly addressed and reviewed recently (133) , and emerging strategies have been employed to overcome the problems that occur when expressing eukaryotic proteins in a bacterial host. Nevertheless, in some cases the use of a eukaryotic organism like S. cerevisiae would be simpler.
Tyrosine/Phenylalanine-Overproducing Strains
E. coli and S. cerevisiae lack the CoA-ester starter substrates needed for curcuminoid production, and the naturally produced amino acids (phenylalanine and tyrosine) that are converted to the phenylpropanoic acids are not produced in sufficient amounts, which represents a limiting step (126, 140, 141) . Although the amino acids and phenylpropanoic acids can be supplemented to the culture medium, the development of strains capable of converting glucose or other simple carbon sources to curcuminoids represents an important strategy for the engineering process. This approach eliminates the need to add expensive precursors to the medium, thus decreasing the production cost. Large-scale production also would be more suitable. This medium simplification would also be very advantageous in cases where curcuminoids are to be used as drugs that need to be produced and delivered in situ.
The aromatic amino acid biosynthesis in E. coli is a very complex, highly regulated branched pathway (Fig. 4) . This pathway is regulated at the transcription and allosteric levels. One of the most regulated steps of the pathway is the one catalyzed by 3-deoxy-D-
FIG 3
Biosynthesis of curcuminoids by recombinant Escherichia coli, using tyrosine and/or phenylalanine as starter substrates that are converted to carboxylic acids by PAL (phenylalanine ammonia lyase). The carboxylic acids, which can also be added directly to the medium, are converted into the corresponding CoA esters by 4CL (4-coumarate-CoA ligase) (top), which is followed by several reactions catalyzed by curcuminoids synthase (CUS) (bottom). Malonyl-CoA is overproduced by ACC (acetyl-CoA carboxylase). (Adapted from references 106 and 100.) arabino-heptulosonate 7-phosphate (DAHP) synthase (142) . The three isoenzymes of this DAHP synthase (encoded by aroH, aroF, and aroG) are feedback inhibited by the end products. Another regulatory point is present at the chorismate branch point with the enzymes chorismate mutase and prephenate dehydratase (pheA and tyrA). These bifunctional enzymes are feedback regulated by their end products, phenylalanine and tyrosine. In addition to the allosteric inhibition, it is necessary to take into account the transcriptional control mediated by the protein TyrR (tyrosine repressor). In case of amino acid overproduction, TyrR can repress aroF, aroG, tyrA, and tyrB (143) . As a result, the elimination of TyrRmediated control was shown to be an important target for the successful overexpression of amino acids (144) . Also, the sequences of the repressed genes were modified so that their products were no longer sensitive to feedback inhibition. The overexpression of feedback inhibition-resistant derivatives of the aroG (aroG fbr ) and tyrA (tyrA fbr ) genes proved to help in amino acid overexpression (145) (146) (147) (148) (149) .
Engineering the central carbon metabolism to increase the availability of the two main precursors, phosphoenolpyruvate (PEP) and erythrose 4-phosphate (E4P), has been another approach to overexpress these amino acids. Several strategies have been tested, for example, the overexpression of ppsA (encoding PEP synthase) and tktA (encoding transkelotase) (147) (148) (149) .
Some studies related to production of phenylpropanoic acids (140, 141, (150) (151) (152) and flavonoids (153) have used tyrosine-or phenylalanine-overproducing strains, and all obtained better results with these strains than with the wild type. All of them used similar approaches, in which they overexpressed aroG fbr and tyrA fbr , and in some cases ppsA and tktA, and deleted tyrR (⌬tyrR). To direct the pathway only to tyrosine production, they also deleted the pheA gene (⌬pheA). Huang et al. (151) engineered a well-developed phenylalanine overproducer strain to obtain a tyrosine-overproducing strain. The phenylalanine-overproducing strain E. coli ATCC 31884 overexpresses aroG fbr , aroF fbr , and pheA fbr and suppresses tyrR. This strain was transformed into a tyrosine-overproducing strain by disruption of the pheA fbr and tyrA loci and insertion of tyrA fbr . Also in S. cerevisiae, aromatic amino acid biosynthesis is subject to strong feedback inhibition by tyrosine and phenylalanine. To overcome this problem, Koopman et al. (132) introduced a tyrosine feedback inhibition-resistant derivative of aro4 (aro4 fbr ) in combination with the deletion of aro3, the other allele of DAHP synthase. Those authors also eliminated the competing activity of phenylpyruvate decarboxylase (which yields phenyl acetaldehyde instead of phenylalanine) by deleting the aro10, pdc5, and pdc6 genes that encode it. This engineered S. cerevisiae strain allowed significantly higher production of naringenin than the wild-type strain.
From Tyrosine/Phenylalanine to Coumaric Acid, Caffeic Acid, Ferulic Acid, and Their Corresponding CoA Esters
In the last years, several studies have used the enzymes involved in the phenylpropanoid pathway to produce compounds other than curcuminoids, such as phenylpropanoic acids (coumaric acid, caffeic acid, and ferulic acid) (140, 141, 151, 152, (154) (155) (156) (157) , stilbenoids (155, 158) , and flavonoids (116, 117, 150, 155, (159) (160) (161) (162) . In the design and construction of those pathways, some enzymes from other organisms were used that could also be considered for the optimization of the heterologous production of curcuminoids.
Due to its valuable pharmacological properties of caffeic acid, among them antioxidant (163), anti-inflammatory (164) , and anticancer (165) properties, the caffeic acid biosynthetic pathway has been intensively studied in the last decade. Berner et al. (154) studied the caffeic acid biosynthetic pathway in the actinomycete Saccharothrix espanaensis and heterologously expressed it in Streptomyces fradiae XKS, a polyketide synthase-defective mutant strain that is considered to be a very convenient host for expression experiments (166) . Streptomyces, applied in the production of a wide range of secondary metabolites, including polyketides, can be another candidate for the heterologous production of plantspecific polyketides (167). Berner et al. (154) concluded that L-tyrosine (and not L-phenylalanine) is converted to p-coumaric acid by sam8, encoding TAL (SeTAL). This is not in accordance with the general phenylpropanoid pathway in plants, but it allows a simpler pathway that can be integrated in the heterologous production of curcuminoids by E. coli. Other authors also reported their findings on other bacterial TALs. Studies of Rhodobacter capsulatus TAL (RcTAL) and Rhodobacter sphaeroides TAL (RsTAL) catalytic efficiencies showed a clear preference of these enzymes for tyrosine instead of phenylalanine (Table 4) . These TAL enzymes that allow p-coumaric acid to be produced without requiring the C4H step, where this enzyme converts cinnamic acid to coumaric acid, are highly advantageous since one can avoid the use of the C4H enzyme, which is not successfully expressed in prokaryotic organisms, thus creating a blockage in the biosynthetic pathways (161) . C4H is a membrane-bound cytochrome P450-dependent hydroxylase, and its expression in bacteria is very challenging due to protein instability and insolubility, as well as the lack of cytochrome P450 reductase activity that is necessary for P450 function (redox partners) (108, 168) . After producing coumaric acid, caffeic acid is directly converted by sam5, encoding a 4-coumarate 3-hydroxylase (C3H or Coum3H). C3H can also convert coumaroyl-CoA to caffeoyl-CoA (169). Moreover, Berner et al. (154) identified sam7, encoding a caffeoyl-CoA ligase (4CL) that catalyzes the ligation of caffeic acid to CoA, leading to caffeoylCoA. This route, producing caffeic acid and then caffeoyl-CoA, can be very useful to ultimately produce curcumin since caffeoyl-CoA can be converted in feruloyl-CoA by CCoAOMT (Fig. 1 ) and curcumin is produced from two molecules of feruloyl-CoA and one of malonyl-CoA (151) tested a different approach for caffeic acid production. Since one of the most challenging steps in the recreation of the plant phenylpropanoid pathway in E. coli is the one carried out by the cytochrome P450-dependent hydroxylases (172), the search for alternative enzymes compatible with E. coli is crucial. With that in mind, Lin and Yan (140) characterized an E. coli native hydroxylase complex, hydroxyphenylacetate 3-hydroxylase (4HPA3H), and concluded that this enzyme, besides converting L-tyrosine to L-dopa, was also able to efficiently convert p-coumaric acid to caffeic acid (Fig. 5,  top) . Furthermore, the authors found that RsTAL and RcTAL were able to accept tyrosine and L-dopa as substrates, with RcTAL being slightly more active toward both substrates. Hence, they were able to design an artificial dual and promiscuous pathway that used both p-coumaric acid and L-dopa as intermediates, resulting in the production of 50.2 mg/liter caffeic acid in shake flasks after 48 h of cultivation from simple carbon sources. This production was also obtained by alleviating feedback inhibition and redirecting carbon flux into tyrosine biosynthesis. Huang et al. (151) explored the catalytic potential of 4HPA3H and were able to produce 3.82 g/liter caffeic acid from 3.5 g/liter p-coumaric acid in a wild-type E. coli strain. When using a tyrosine-overproducing strain, 767 mg/liter caffeic acid was produced in 72 h using shake flasks. In this work, the authors used Rhodotorula glutinis TAL (RgTAL), which was reported to be the most active TAL among all the identified ones (150, (173) (174) (175) (Table 4) . Zhang and Stephanopoulos (152) also used RgTAL for caffeic acid biosynthesis, in an experiment using two parallel routes and a tyrosine overproducer strain (Fig. 5, bottom) . The authors cloned 4CL from Petroselinum crispum (Pc4CL1), that converts coumaric acid to coumaroyl-CoA, and C3H from S. espanaensis, which converts coumaroyl-CoA to caffeoyl-CoA or coumaric acid to caffeic acid. Caffeoyl-CoA is converted to caffeic acid by E. coli endogenous thioesterases (176) . They obtained good results with the TAL and C3H route, i.e., 106 mg/liter caffeic acid in a 2-liter bioreactor. However, the introduction of the alternative biosynthesis route through coumaroyl-CoA and caffeoyl-CoA did not lead to increased caffeic acid production from glucose. On the contrary, it introduced an extra metabolic burden and led to lower production. The problem could be due to inactivity or low activity of E. coli endogenous thioesterases against caffeoyl-CoA. The authors suggested that low copies of TAL gene were sufficient to obtain high-titer production and that fine-tuning the C3H gene copy number should be pursued since the precursors were accumulating instead of being converted to caffeic acid.
Furuya et al. (156) found that Rhodopseudomonas palustris cytochrome P450 CYP199A2 possesses hydroxylation activity toward p-coumaric acid (and cinnamic acid) and subjected it to site-directed mutagenesis to create mutants with novel and improved catalytic properties. E. coli coexpressed CYP199A2 with the redox partners' putidaredoxin reductase (pdr) from Pseudomonas putida and palustrisredoxin (pux) from R. palustris. In this study, the authors constructed a CYP199A2 F185L mutant that showed 5.5 times higher hydroxylation activity toward pcoumaric acid (3.3 g/liter) than the wild type, reaching 2.8 g/liter caffeic acid after 24 h in a glycerol medium. Furuya and Kino (177) produced caffeic acid in E. coli from p-coumaric acid using 4HPA3H from Pseudomonas aeruginosa strain PAO1. In a wholecell reaction, 10 mM p-coumaric acid was converted to caffeic acid in 2 h. Since an initial p-coumaric acid concentration higher than 10 to 20 mM inhibited the reaction, during the 24-h fermentation, dimethyl sulfoxide (DMSO) containing 20 mM p-coumaric acid was repeatedly added to the reaction mixture (at 2, 8, and 14 h). The reaction with no energy sources produced 4 times more caffeic acid than the one with glucose. However, the highest yield obtained (10.2 g/liter) was in a glycerol medium, thus showing once again that glycerol strongly enhanced the productivity. To our knowledge, this is the highest production level attained so far.
Santos et al. (150) and Choi et al. (155) optimized the heterologous pathway for the production of flavonoids and stilbenoids (naringenin and resveratrol) from glucose. Santos et al. (150) used codon-optimized RgTAL, after discarding RsTAL. To convert pcoumaric acid to coumaroyl-CoA, the authors compared P. crispus 4CL (Pc4CL1) and Streptomyces coelicolor 4CL2 (Sc4CL2) efficiencies and concluded that combining these enzymes with TAL enzyme completely abolished accumulation of coumaric acid, which was highly produced when TAL enzyme was expressed alone. Since codon-optimized Pc4CL1 performed slightly better than Sc4CL2 (i.e., there was a higher p-coumaric acid yield in combination with TAL), this enzyme was chosen to continue the optimization of the flavonoid production pathway. In the past, Sc4CL2 has proven to be more efficient when the conversion of cinnamic acid is also needed (116, 117, 162) , allowing the avoidance of the C4H step. This bacterial enzyme efficiently converts cinnamic acid (Table 5) , which is usually a very poor substrate for plant 4CLs (178) . Choi et al. (155) used SeTAL and Sc4CL2 in the first part of the flavonoid and stilbenoid pathway and concluded that Sc4CL2 is specific for coumaric acid and that it could not use caffeic acid and ferulic acid as a substrate (Table 5 ). This conclusion is important, since when using promiscuous enzymes in the curcuminoid pathway (Fig. 3) , the final product is a mixture of curcuminoids. This enzyme could help to direct the pathway to a specific curcuminoid if desired. Kim et al. (153) produced flavonoids through comparison of three 4CL enzymes from three different organisms: P. crispum (Pc4CL2), O. sativa (Os4CL3), and S. coelicolor (Sc4CL2). The authors concluded that Os4CL3 was by far the one that allowed higher titers of flavonoids, followed by Pc4CL2. Furthermore, in their study the authors deleted the isocitrate dehydrogenase gene, icdA, to increase the amount of CoA in E. coli and consequently accelerated the production of p-coumaroyl-CoA. This deletion allowed for a higher yield of flavonoids.
Lin et al. (175), aiming to produce coumarins using a biosynthetic pathway for the first time, used RgTAL since it possesses high activity toward tyrosine compared with the RcTAL (Table 4) used in their previous work (140) . They tested three different 4CLs (Pc4CL2, At4CL1, and At4CL2) ( Table 6 ). When broad substrate specificity was needed, Pc4CL2 was used to synthesize the CoA esters of coumaric acid and ferulic acid, since it was shown in the past that it can accept several phenylpropanoid acids as the substrate (160, 185) . When higher catalytic efficiency toward coumaric acid was required, the enzyme At4CL1 was used (Table 6 ). E. coli 4HPA3H was also used to hydroxylate coumaric acid to caffeic acid, as was shown in other studies (140, 151) (Fig. 5, top) . The 4-coumarate-CoA ligase used in this case was At4CL2 due to its higher affinity and catalytic activity toward caffeic acid than Pc4CL2 and At4CL1. CCoAOMT1 from A. thaliana was used to convert caffeoyl-CoA to feruloyl-CoA. Also with the goal of obtaining feruloyl-CoA, but from ferulic acid, Watts et al. (158) used the recently reported 4-coumarate-CoA ligase At4CL4. This enzyme was shown to prefer ferulic acid as a substrate (181) (Table  5 ). However, the expected production of stilbene was not detectable by high-pressure liquid chromatography (HPLC). This does not imply that At4CL4 was not working, since the problem could be in the stilbene synthase step. Feruloyl-CoA conversion could be slow, causing an accumulation of feruloyl-CoA, which can be converted again to ferulic acid due to a balance between CoA ligase and endogenous E. coli thioesterases (158, 176) . Since the production of feruloyl-CoA would be highly advantageous in curcumin production, further characterization of At4CL4 should be considered. At4CL2 and its mutant (Table 5 ) also seem to be very interesting options to be explored in the future.
As mentioned above, although S. cerevisiae has never been engineered to produce curcuminoids, it has been used to produce other polyketides. Therefore, these already engineered and validated enzymatic steps may be used in the future for successful production of curcuminoids by the yeast. Furthermore, CUS has already been successfully expressed in S. cerevisiae to produce gingerol derivatives (115) .
Again, an attractive advantage of the yeast compared to E. coli is its ability to functionally express plant cytochrome P450 mo-nooxygenases. C4H from A. thaliana and Glycine max was successfully cloned and expressed in S. cerevisiae in several studies (123, 127, 128, 131) . Although C4H was functionally expressed, it was still a rate-limiting step. Since the endogenous CPR activity was not enough to support the C4H expression, CPR1 (NADPHcytochrome P450 reductase) from S. cerevisiae or CPR from a Populus hybrid (P. trichocarpa ϫ P. deltoids) was overexpressed.
Other enzymes from the phenylpropanoid pathway, such as PAL from Rhodosporidium toruloides and a Populus hybrid, RsTAL, RcTAL, RgTAL, 4CL2 from Nicotiana tabacum, 4CL216 from a Populus hybrid, 4CL from G. max, Le4CL1, At4CL1, and Pc4CL2, were also successfully expressed in yeast (115, (123) (124) (125) (126) (127) (128) (129) (130) (131) (132) 174) . The At4CL1 gene seems to be the best option to produce resveratrol in S. cerevisiae (139) , since its yield was more than 65 times higher than when using 4CL216 from Populus hybrid (125) and 4CL2 from Nicotiana tabacum (124) in similar experiments using Vitis vinifera STS (stilbene synthase). Also, the resveratrol yield in S. cerevisiae was 3.4 times higher than the maximum obtained with E. coli using At4CL1, but using Arachis hypogaea STS (158). Shin et al. (186) used At4CL1 and A. hypogaea STS in S. cerevisiae and obtained very small amounts of resveratrol compared to those obtained by Sydor et al. (139) . This proves that the combination between 4CL and STS, as well as the host, is very important to obtain excellent results and that the enzymes from some organisms work better together than those from others. Although flavonoid and stilbenoid production has been proven in some cases to be more efficient in bacteria (124, 127, 138) , there are studies suggesting that S. cerevisiae is an adequate host for the expression of aromatic plant compounds (139) .
Type III Polyketide Synthases and the Biosynthesis of Curcuminoids
In the last decade, several advances have been made in curcuminoid biosynthesis as a result of the identification of DCS and multiple CURSs from C. longa and of CUS from O. sativa. However, DCS and CURS enzymes have been used to synthesize curcuminoids only in vitro, never in vivo. CUS was chosen to produce curcuminoids in vivo (106, 121, 122) since it was the first polyketide synthase involved in curcuminoid biosynthesis to be reported. Also, CUS has the advantage of being able to produce curcuminoids directly from the CoA esters, unlike CURSs, which need DCS to convert the CoA ester to the corresponding diketide-CoA ester. However, this advantage does not mean that an approach using DCS and CURS will not lead to higher yields, and this option should continue to be the object of further research. Due to the immense pharmaceutical value of curcuminoids, other genes encoding type III polyketide synthase (PKS) curcumin/curcuminoid synthases are being sought. Brand et al. (187) characterized a type III PKS from Wachendorfia thyrsiflora, WtPKS1 (GenBank accession number AY727928.1). W. thyrsiflora is known to synthesize phenylphenalenones which are thought to be synthesized from curcuminoids. The authors also characterized another PKS in W. thyrsiflora, WtPKS2 (unpublished work) (GenBank accession number AAW50922), that synthesizes a methylketone product, which is presumably derived from the corresponding diketide-CoA via hydrolysis and decarboxylation. Based on their high homology with C. longa DCS and CURS1 (WtPKS1 shares 63% identity to DCS and WtPKS2 shares 62% identity to CURS1) (97) , it is assumed that WtPKS1 is a diketide synthase, WtPKS2 is a curcuminoid synthase, and curcuminoids are synthesized by an enzyme system similar to the one with DCS and CURS1, not only in W. thyrsiflora but also in other plants.
Also, with the goal of finding uncharacterized type III PKS in C. longa, Resmi and Soniya (103) used reverse transcription-PCR (RT-PCR) genomic screening. This helped them to identify cDNAs that encode type III PKS proteins. One of the type III PKS, ClPKS10 (GenBank accession number JN017185), proved to possess all the possible requirements for catalyzing curcuminoid biosynthesis; namely, it shares 93% identity with CURS1 and 81% identity with CURS2, and the putative active-site environment (amino acids needed for coumaroyl-CoA binding site and cyclization) showed the same characteristics found in the reported CURSs. However, ClPKS10 showed high expression levels in leaf tissues, low levels in shoots, and very low levels in rhizomes and roots. This is in contrast with the reported curcuminoid expression pattern, which can indicate possible curcuminoid biosynthesis in aerial parts also. Dihydro derivatives of curcuminoids (dihydrocurcuminoids) also showed higher expression levels in leaves than in the rhizome (105) . Ramirez-Ahumada et al. (98) also concluded that the highest curcuminoid synthase activity from turmeric extracts was found in leaves, followed by shoots and rhizome, which proves that curcuminoids and their analogues can be synthesized not only in the rhizomes but also in the roots and the leaves. Future work to characterize ClPKS10, Wt-PKS1, and WtPKS2 through in vitro and in vivo assays is required to confirm the curcuminoid synthase activity.
Malonyl-CoA Availability
Although it has been demonstrated that some curcuminoid synthases are able to catalyze two or more reactions from CoA esters and to efficiently produce curcuminoids heterologously, the presence of the precursor malonyl-CoA is still essential for these reactions to succeed. It is believed that the biosynthetic production of flavonoids, stilbenoids, and polyketides is controlled by the limited intracellular pool of malonyl-CoA (116, 137, 188) . In these pathways, three molecules of malonyl-CoA are needed to obtain the final product, whereas for curcuminoid production, only one molecule is needed. Malonyl-CoA is naturally synthesized in microorganisms, but it is used for the production of fatty acids and phospholipids, leaving only a very limited amount available for the production of secondary metabolites (189) . Therefore, it is essential to engineer the microbial host to achieve metabolic balance between the need for malonyl-CoA for growth and secondary metabolite production (137) . In the last decade, several metabolic engineering approaches were developed to increase the intracellular pool of malonyl-CoA. One of them is the overexpression of acetyl-CoA carboxylase (ACC), which converts acetyl-CoA into malonyl-CoA (106, 116, 188, (190) (191) (192) (Fig. 6) . Leonard et al. (188) and Xu et al. (190) overexpressed ACC encoded by accABCD from Photorhabdus luminescens and E. coli, respectively, and obtained an increase in the flavanone and fatty acid production. The ACC reaction is divided into two partial reactions (Fig.  6 ). In the first reaction, biotin is attached to the biotin carboxyl carrier protein (BCCP) (encoded by accB) and is carboxylated via ATP consumption by the biotin carboxylase AccC. The carboxyl group is then transferred to acetyl-CoA by carboxyltransferase (AccAD). Since ACC requires biotinylation by the action of biotin ligase (BLP) to be completely functional, BLP (encoded by birA) overexpression was also studied using P. luminescens (188, 193) and E. coli (188) BLP. Coexpression of ACC and BPL, both from P. luminescens, was found to be the best approach to improve the flavonoid yield (188) . The use of the acetyl-CoA pathway to increase the supply of malonyl-CoA has also been explored (188, 192) . When glucose is used as a carbon source, acetyl-CoA is converted to acetate under aerobic conditions, which is toxic for E. coli and inhibits its growth (194) . By overexpressing E. coli acetate assimilation pathways, it is possible to increase the production of the desired compound and, at the same time, reduce acetate accumulation. The first pathway includes two enzymes, acetate kinase (ACK) and phosphotransacetylase (PTA) (195) , and the second pathway includes acetyl-CoA synthase (ACS). According to Leonard et al. (188) , ACS overexpression resulted in a more efficient acetate assimilation than ACK-PTA overexpression. The better results obtained with ACS are likely due to the reversibility of the ACK-PTA pathway (196) . ACS coexpression with ACC increased flavonoid production up to 1,221%.
Another strategy to increase the malonyl-CoA supply is the overexpression of the Rhizobium trifolii matB and matC genes, encoding malonate synthase and malonate carrier protein, respectively (138, 150, 197) . These enzymes allow the transport of supplemented malonate into the cell and its subsequent conversion to malonyl-CoA. Santos et al. (150) obtained an increase of flavonoid synthesis up to 59% with this approach, while Leonard et al. (138) obtained up to 250%.
Other strategies include the deletion of the genes encoding succinate dehydrogenase (sdhA), acetaldehyde dehydrogenase (adhE), amino acid transporter (brnQ), citrate lyase (citE) (193) , fumarase (FUM) (encoded by fumB and fumC), and succinyl-CoA synthetase (SUCOAS) (encoded by sucC and sucD) and overexpression of phosphoglycerate kinase (PGK), glyceraldehyde-3-phosphate dehydrogenase (GAPD), and pyruvate dehydrogenase (PDH) (encoded by aceEF and lpdA) (137) . Leonard et al. (138) added the fatty acid inhibitor cerulenin to the fermentation to downregulate fatty acid biosynthesis (FAB) initiation. Cerulenin represses both fabB and fabF and led to an increase of flavonoid production by over 900%. Santos et al. (150) also obtained a significant gain with cerulenin supplementation. However, the cost of cerulenin may be excessive if industrial-scale fermentations are foreseen (150) . Therefore, a strategy that focuses on rerouting native metabolic flows and uses stoichiometric modeling (193) to improve malonyl-CoA availability is more appropriate for increasing curcuminoid production. 
Other Limitations
Although several studies in the last years made significant progress in proving the practicality of curcuminoid production in E. coli, the established protocols still present some disadvantages that could be prohibitive during process scale-up. One of them is the dependence on precursor feeding, which may be solved by engineering strains capable of converting cheaper substrates such as glucose. A second limitation is that fermentation often needs two separate cultivation steps to obtain high titers of curcuminoids. Usually strains are first grown in a rich medium like LB (Luria broth) in order to produce large amounts of biomass and reach a suitable protein production level. Then, after reaching the exponential phase, the cells are harvested and transferred to minimal medium, such as M9 medium, where the substrates are added and the curcuminoids are produced. This strategy was pursued in curcuminoid production in vivo (106, 121, 122) and also for other phenolic compounds (116, 117, 137, 138, 141, 151, 153, 155, 192, 193) . The use of plasmids imposes a metabolic burden on the host strain that usually reduces the growth rate of the cell due to the expression of plasmid-borne resistance and replication of the plasmids. Therefore, the two-step fermentation strategy is used to compensate for the metabolic burden associated with protein overexpression and poor growth observed in minimal medium. Although this strategy is feasible at the laboratory scale, the separation of biomass is much more difficult and expensive in largescale fermentations (150) . Therefore, the development of vigorous strains that allow an efficient production in a single medium formulation is essential (150) . The use of MOPS (morpholinepropanesulfonic acid) minimal medium (198) has demonstrated the successful production of flavonoids in a one-step fermentation (150, 197) with no apparent growth deficiencies. The delay of IPTG (isopropyl-␤-D-thiogalactopyranoside) induction can also alleviate the metabolic burden. Induction should be performed at the exponential phase, since after that point, although bacteria are still growing, the production titers decrease (150, 197) . During induction, the temperature should be maintained or decreased to 26 to 30°C for optimal enzyme synthesis and substrate conversion. The compounds possibly used as substrates (caffeic acid, coumaric acid, and ferulic acid) present some toxicity to the cells at high concentrations (152, 158) , and cases where a lower concentration was added at the beginning of the experiment and after it was almost consumed more was added showed better results (151) and should be considered, as well as fed-batch fermentations.
The success of the design and construction of heterologous pathways and their expression depends on many factors. These factors include cell growth characteristics but also the expression levels and biological activity of the proteins of interest. The host, the codon biases among different organisms, and the strengths of promoters linked to the potential toxicity of the protein to the host are topics that should always be considered in recombinant protein expression. A stable, robust, and well-characterized host cell capable of growing on minimal and inexpensive carbon sources is crucial for laboratory and large-scale production (199) . However, robust hosts are usually able to inactive or rid themselves of the foreign DNA to minimize the metabolic burden. Several studies proved that genome reductions (removal of transposons, insertion sequence elements, cryptic phages, integrase genes, damaged genes, and genes with unknown function) improve metabolic efficiency and even electroporation efficiency and accurate propagation of foreign DNA that was unstable in other strains (200) (201) (202) (203) . These strains should be considered for curcuminoid production. The vector(s) used to carry the curcuminoid pathway should also be stable and consistent in copy number to ensure that all the cells in the culture have the plasmid and produce curcuminoids. Plasmids should also have copy numbers as low as possible to minimize the burden on the host cell and the ability to carry large sequences of DNA. A better option is to integrate the genes of interest in the chromosome due to the increased stability. This insertion can dramatically impact the expression level of the heterologous genes; however, the promoter and ribosome binding strength can be adapted, as well as the stability of the mRNA and the resulting protein (199, 204) . When expressing multiple heterologous genes, several approaches can be used. For example, different inducible promoters can be used for each gene. This approach has the disadvantage of adding multiple inducers to the medium, increasing the cost of production. It is also possible to use the same inducible promoter for each gene but to vary the promoter strength or to use nonnative T7 RNA polymerase to control the expression (106, 122) . Grouping multiple and related genes into operons is also a good approach for regulating several genes simultaneously using the same promoter (149, 205) .
The choice of the right promoter with adequate strength is very important, especially when the construction of the metabolic pathway involves the introduction of more than one heterologous gene, such as in the curcuminoid production case. Imbalances can lead to over-or underproduction of enzymes and accumulation of intermediate metabolites which may result in suboptimal titers. Codon bias is also a subject to take into consideration, since rare codons in E. coli are often abundant in heterologous genes, and expression of those genes can lead to translational errors, frameshifting events, stalling, or premature translational termination, especially when transcripts containing rare codons accumulate in large quantities (206) . This codon bias can be solved using synthetic DNA with codon optimization or by cotransformation of the host with a plasmid harboring rare tRNA, thus increasing the copy number of the limiting tRNA (159) . So far, in heterologous production of curcuminoids by E. coli using plant genes (106, 121, 122) , no approaches to solve codon bias have been used, which proves that successful production can be achieved using plant cDNA. Since this is the simplest and least expensive approach, it is always worth testing it first. Production of flavonoids and stilbenes was also achieved recently without codon optimization (116, 117, 153, 158, 160, 161) . In addition to the importance of the Shine-Dalgarno sequence in translation efficiency, the first codons downstream of the initiation codon also act as a translation enhancer, and depending on this sequence, gene expression can vary considerably (207) (208) (209) . Therefore, to achieve production-scalable titers, codon optimization of recombinant plant proteins and improvement of catalytic activity, and also the identification of the best combination of plasmid copy number with the right promoters to achieve optimal instead of maximal expression levels, need to be carefully studied.
The heterologous production of curcuminoids is very recent; however, the titers and yields obtained so far are in the same range of those obtained for flavonoids and stilbenoids that have been thoroughly studied (Table 3) . Additionally, yields similar to those obtained from plants can be obtained by heterologous production in E. coli, thus suggesting heterologous production as a promising alternative to obtain these compounds. Moreover, the isolation of curcuminoids from plants is challenging, and curcumin is usually sold as a mixture that contains a significant percentage of other curcuminoids (bisdemethoxycurcumin and demethoxycurcumin) (17, 18) . Indeed, these curcuminoids present in smaller amounts in plants are difficult and expensive to isolate, and therefore heterologous production in E. coli could be a viable alternative for their production through the use of a combination of specific enzymes that could drive the production to a specific curcuminoid.
FUTURE PERSPECTIVES
In the last decade, there have been remarkable advances in understanding the biosynthetic pathway of curcuminoid production in C. longa and its heterologous production in E. coli. However, continuous efforts toward exploiting new heterologous hosts and finding the most adequate synthetic enzymes and plasmids are needed. Several enzymes should be studied to find the best candidates for each step of the curcuminoid production pathway to adequately transform the metabolic intermediates into the desired products. Accumulation of intermediates should be avoided, since this can be toxic to the heterologous host and lead to a decrease of the desired final product production.
Microbial production of curcuminoids is still at an early stage and is limited by the identification of some curcuminoid synthases, while PKS diversity is barely touched. Deeper study is extremely important and would allow the identification of novel enzymes that catalyze unnatural reactions and consequently produce more unnatural, potentially valuable curcuminoids. The huge accumulation of genome information from a variety of organisms due to the development of molecular biology techniques and bioinformatic prediction of catalytic properties of gene products will allow combination of the best enzymes to generate novel biosynthetic pathways for curcuminoid production in several organisms.
The curcuminoid titers and yields obtained so far using E. coli are very promising, and we believe that, using synthetic biology approaches and metabolic engineering tools, these can be further improved to make heterologous production competitive with the current process of extraction from plants. Although the current levels of production of curcuminoids are probably below those required for viable industrial production, process optimization toward scale-up should be considered. To date, curcuminoids have been produced only by using two separate cultivation media, which represents a limitation when considering bioreactor fermentations. Therefore, it is crucial to optimize the fermentation conditions, including media and operating parameters. As mentioned above, heterologous production of curcuminoids is advantageous compared to extraction from plants, as the former can be easily controlled in a bioreactor and is not subject to unpredictable factors such as weather that may affect plant cultivation. Also, in contrast to the extraction process, heterologous production in microorganisms is not seasonal. In summary, we believe that after adequate optimization efforts, curcuminoids can be produced by microorganisms in bioreactors, providing the same or larger amounts as reported for plant extraction, in a shorter period of time and a smaller space, while using a process that is less expensive and harmless to the environment.
